ABSTRACT In this work, a mm-Wave vertically-polarized electric dipole array solution for 5G wireless devices is presented. The dipole is fabricated using vias in a standard PCB process to fit at the phone or tablet edges featuring wideband operation with broad half-power beamwidth in the elevation plane (HPBW ELEV ), high gain and high front-to-back radiation ratio (F/B). For enhanced gain, parasitic-vias are added in front of the dipole as directors. To improve HPBW without sacrificing gain, the directors are implemented as V-shaped bisection parasitic-vias. A via-fence surrounds the dipole structure to suppress back radiation and enhance F/B. The dipole is connected to a parallel-strip line (PS) which is interfaced to the main SIW feed through a novel SIW-to-PS transition. Thorough investigation, optimization, and parametric study are provided for each design parameter of the proposed structure. A single dipole, 2 × 1, and 4 × 1 arrays were designed and fabricated showing close agreement between the simulated and measured results. The single-dipole operates over 7.23-GHz bandwidth with stable radiation performance. The 4×1 array achieves HPBW ELEV of 133.1 • , F/B of 36.6-dB, cross-polarization less than −39.6-dB and 12.61-dBi gain with 95.8% radiation efficiency. The low cost, compactness, and good performance of the proposed dipole make it a competing candidate for the future 5G mobile devices transceivers.
I. INTRODUCTION
The demands for wireless data services are increasing exponentially over the years. The global mobile data traffic is expected to increase by nearly 13-fold from 3.7 Exabytes/ month in 2015 to 49 Exabytes/month in 2021 with the number of mobile devices increasing from 7.9 billion to 11.6 billion devices [1] - [3] which are beyond what the current 4G resources can afford. Hence, the revolutionary 5G standard is expected to support such high capacity together with 100× data rates, longer battery life, lower latency, massive MIMO, Device-to-Device (D2D) and Machine-to-Machine (M2M) communications and Internet of Things (IoT) [4] - [8] . Supporting higher capacity and data rates require higher bandwidth [9] . The limited bandwidth in the sub-6 GHz bands (crowded by current wireless standards) motivated the use of the underutilized spectrum in the mm-Wave bands [10] , [11] . Accordingly, the mm-Wave spectrum was allocated for 5G communications [12] , [13] . This work proposes an antenna array for 5G operating in the 28-GHz band allocated by the Federal Communications Commission (FCC) for 5G.
Building mm-Wave antennas for 5G transceivers faces several challenges. The most critical of which is the large path loss predicted by Friis formula [14] due to the high frequency propagation that requires high antenna gain for compensation. This dictates the use of directional antenna arrays as opposed to the low/moderate gain omnidirectional antennas deployed in previous mobile generations [15] . Antenna implementation for mobile devices adds more requirements including small size, low cost, and simple fabrication using conventional PCB processes avoiding bulky [16] and 3D structures [17] for ease of integration. Moreover, high F/B is required to minimize the undesired interaction between the array and the cellular RF circuitry. High radiation efficiency is also a major concern for better performance and increased battery life. Also, given that the array attains the phase shift required for beam scanning from an RF chip as illustrated in Fig. 1 , the high gain should be achieved using the minimum number of array elements to reduce the number of phase shifters needed and hence reduce the complexity/power of the RF phase shifter chip and added parasitics of the chipto-array routing. Our proposed antenna array aims at achieving all those requirements with high-performance levels. Several planar antenna prototypes were proposed for 5G transceivers [18] - [32] . Planar structures are easy to fabricate and are appropriate for base stations. However, they are not the best choice for mobile devices. This is mainly due to two reasons; first, the large LCD panel, battery, sensors, cameras, cellular RF circuitry, etc., limit the area available for placing the planar array and consequently limit the antenna gain. Second and most importantly, planar arrays are not capable of providing the full 3D space coverage required for mobile devices. Fig. 2(a) illustrates a mobile device packed with two planar arrays for MIMO. As the planar array aperture resides on the surface of the mobile device, it is referred to as Surface Array. The radiation pattern of both surface arrays -denoted by Surface-Pattern -covers the same space failing to provide the full space coverage (in the best case can only cover half the 3D spherical angle). To mitigate this issue and get better coverage, antenna arrays can be implemented at the edge of the mobile devices (Edge-Arrays) as shown in Fig. 2(b) . By placing two edge-arrays at the two opposite phone edges, each can cover half of the entire 3D space resulting in full space coverage. The Edge-Pattern will denote radiation patterns from edge-arrays. Moreover, better coverage can be achieved by fan-beam edge-arrays that provide wider halfpower beamwidth (HPBW) in the elevation plane [33] .
A couple of interesting edge arrays for 5G mobile devices operating in the 28-GHz band were reported in the literature. In [34] , a 4-element open-ended substrate integrated waveguide (SIW) antenna array was proposed. It suffers from low gain and large back radiation. A 16-element linearly polarized mesh grid array was built in [35] and [36] the mesh grid was combined with planar Yagi-Uda for dual polarization. The large number of elements in [35] and [36] requires a large number of phase shifters increasing the power/complexity of the RF phase shifter chip and feeding network and degrades the array efficiency, gain, and F/B.
This work proposes a mm-Wave substrate-integrated vertically-polarized electric dipole edge-array for 5G mobile devices [37] . By implementing the dipole using vertical vias at the PCB edge, the vertical-polarization is attained. The proposed electric dipole provides a wideband superior radiation performance with respect to gain, HPBW in the elevation plane (HPBW ELEV ), F/B and cross polarization (X-pol) owing to the following; first enhanced gain was attained by adding parasitic vias in front of the dipole as directors. Second, the parasitic vias are flared in V-shaped fashion with each via split into two halves for improved HPBW ELEV . Finally, for F/B enhancement, the dipole structure is surrounded by a via fence. In contrast to the magneto-electric dipole in [38] whose fence does not affect the radiation pattern, the via-fence in the proposed electric dipole influences the radiation pattern and by the proper choice of its design parameters, higher F/B can be achieved. Compared to previously reported mm-Wave edge arrays, the fabricated 4 × 1 array achieves more than 15 dB higher F/B, more than 23 • higher HPBWELEV, together with lower cross-polarization, higher radiation efficiency, compact size, high gain from only 4-element array (which simplifies the design of the RF phase shifter chip) and wide bandwidth.
The rest of the paper is organized as follows; Section II presents the proposed electric dipole structure and its design perspectives. The feed and array structure are introduced in Section III. Finally, the measured and simulated results of the fabricated prototypes are reported in Section V.
II. THE PROPOSED ELECTRIC DIPOLE
The dipole is a convenient choice for mobile devices owing to its low profile and high radiation efficiency. In this section, the proposed dipole will be presented. The antenna was designed and simulated using the ANSYS HFSS electromagnetic solver. Throughout the paper, the elevation is taken as the y-z plane while the azimuth is the x-y plane as illustrated in Fig. 3 . First, the single dipole behavior will be discussed. Then the design perspectives for choosing each of the parameters of the proposed dipole will be introduced and backed with parametric study. The dipole is designed and fabricated using the Rogers RO5880 substrate (with dielectric constant ε r = 2.2 and loss tangent tanδ = 0.0009). Since the proposed dipole is designed with center frequency at 28 GHz, all the optimizations and parametric studies were performed at this frequency.
A. SINGLE DIPOLE IN AIR/DIELECTRIC SLAB
The radiation pattern and peak directivity of an electric dipole depend on the dipole length and the medium where it is placed [39] . Fig. 3(a) illustrates the geometry of an electric dipole in air. The dipole has an 0.254 mm feeding gap and is realized using two metallic cylinders with diameter d DIPOLE = 0.6 mm. The overall dipole length is denoted by L DIPOLE . The simulated 3D radiation pattern and peak directivity versus L DIPOLE for the electric dipole in air at 28 GHz are shown in case A of Fig. 3(c) where the dipole length is expressed in terms of the free space wavelength (λ 0 ) at 28 GHz. Placing the dipole in a dielectric slab greatly influences its performance [40] , [41] . Fig. 3(b) illustrates the geometry of the dipole inside a Rogers RO5880 dielectric slab. The slab length and width are L SLAB and W SLAB , respectively, while its thickness is equal to L DIPOLE where the dipole spans the whole slab thickness. The dipole is implemented as two 0.6 mm diameter metallic vias in the slab. The clearance of the dipole from the slab edge is X 0 and Y 0 in the x-and y-directions, respectively. The dipole is placed at the center of the x-axis, i.e., X 0 = 1/2 W SLAB . Cases B, C, and D of Fig. 3(c) illustrate the simulated 3D radiation pattern and peak directivity versus dipole length of the dipole within the RO5880 slab at 28 GHz for different L SLAB , W SLAB , and Y 0 . The presence of the dipole inside the slab enhanced the gain compared to case A. This is attributed to the increased effective aperture since the dielectric slab acts as part of the antenna. Moreover, the slab dimensions and the dipole clearance from the edge have a large impact on the antenna performance where the larger the slab dimensions (W SLAB and L SLAB ) and the closer the dipole from the slab edge (smaller Y 0 ), the higher the peak directivity.
However, a standalone dipole in the slab is not suitable for 5G due to its degraded F/B and pattern-dependence on the slab dimensions. Hence, the dipole is surrounded by a via-fence to mitigate these issues.
B. DIPOLE WITH VIA FENCE
The first step in designing the proposed dipole structure is to surround the dipole with a via-fence as shown in Fig. 4 to suppress the back radiation and control the radiation pattern. The dipole is fed through a parallel-strip (PS) line of length L PS and width W PS . The gap between the two dipole arms is 0.254 mm. The fence is constructed using vias with diameter d FENCE of 0.6 mm and pitch p of 0.83 mm and has overall dimensions of X FENCE × Y FENCE × L DIPOLE . The dipole is centered within the fence along the x-axis and its clearance from the substrate edge along the y-axis is Y 0 . For practical implementation, the platted metallic vias require the presence of metallic pads. The pads are implemented with 1 mm diameter. The fence effect is demonstrated in Fig. 5 by showing the electric field distribution in its presence/absence. It can be noted that the fence confines the fields and suppresses the back radiation.
For the proposed dipole structure to satisfy the 5G requirements of high directivity, high F/B and wide fan-beam with high HPBW ELEV , all the dipole design parameters need to be thoroughly studied and optimized. The design parameters at hand are L DIPOLE , X FENCE , Y FENCE , and Y 0 . First, with the fence dimensions and Y 0 fixed, the effect of VOLUME 6, 2018 the dipole length was studied. Fig. 6 illustrates a plot of the simulated Directivity, F/B and HPBW ELEV versus the dipole length expressed in terms of the wavelength (λ d ) inside the RO5880 slab. It is important to note that we are more interested in the directivity at the boresight direction (D BORESIGHT ) not just the peak directivity. Around the optimal design points, both the peak directivity and boresight directivity are coincident. From the obtained results it can Second, since the fence is of great influence on the antenna performance, its design parameters (X FENCE and Y FENCE ) will be studied. A small gap g FENCE is created in the fence allowing the PS line out to be connected to the rest of the feeding structure where g FENCE is taken as 1 mm. The fence dimensions were swept with the dipole placed in the middle of the fence (Y 0 = 1/2 Y FENCE ). Fig.7 shows the simulated Directivity, F/B and HPWB ELEV versus Y FENCE for different values of X FENCE . Optimal performance is attained for
The last parameter that needs to be studied and optimized to further enhance F/B and HPBW ELEV is Y 0 . Fig. 8 shows the simulated Directivity, F/B and HPBW ELEV versus Y 0 where the optimal HPBW ELEV and F/B are achieved at Y 0 slightly higher than 1/2λ d , exactly at 0.543λ d .
It can be noted that unlike the ME dipole in [38] whose fence has no effect on its radiation performance, the fence for the electric dipole can influence the radiation pattern which adds more degree of freedom to the design. By the proper choice of the fence parameters, the proposed electric dipole achieves 5.1 dBi directivity, 145.39 • HPBW ELEV , 31.67 dB F/B and less than −43 dB cross polarization as illustrated in Fig. 9 , compared to 5 dBi directivity, 110 • HPBW ELEV , 24 dB F/B and −31 dB cross polarization from the ME dipole. Table 1 provides a summary of the optimized design parameters for the electric dipole. It can be noted that both the electric dipole and ME dipole achieves approximately the same directivity. However, the gain of the proposed electric dipole is further enhanced by adding parasitic vias (directors) in front of the dipole as will be discussed in the next section. 
C. ADDING PARASITIC VIAS AS DIRECTORS
Now that the via-fence is optimized for enhanced F/B and HPBW ELEV , the structure needs to be modified for higher directivity. The challenge here is to preserve the high HPBW ELEV together with the enhanced directivity. For directivity enhancement, additional parasitic vias are added in front of the dipole. Resembling the Yagi-Uda antenna [42] , the parasitic vias act as directors while the fence acts as reflector. The geometry of the dipole with a single parasitic via in front of it is illustrated in Fig. 10 . The parasitic via diameter is taken as d PAR = 0.6 mm similar to that of the dipole. Two parameters need to be studied for optimal director performance, namely, the length of the parasitic via L PAR and its separation from the dipole y PAR . The simulated Directivity, VOLUME 6, 2018 To restore the degraded HPBW ELEV , two techniques are proposed. First, the parasitic via is split into two halves separated by a gap equal to the dipole gap as illustrated in Fig.12(a) . This does not only enhance the HPBW ELEV but also reduces the fabrication complexity. The unsplit via director is practically realized as buried via which is hard to fabricate while splitting the director into two halves results in a simpler fabrication process. The zoomed-in radiation patterns in the elevation plane of the dipole with unsplit/split parasitic via are illustrated in Fig. 12(b) showing 7.6 • improvement in the HPBW ELEV from the split via without much effects on the directivity and F/B.
The second proposed technique for enhancing HPBW ELEV is using a couple of directors flared in a V-fashion as illustrated in Fig. 13 . The performance of the flared directors is governed by the flaring angle (ψ PAR ). To study the effect of the flared directors and the design parameter ψ PAR , the simulated Directivity, F/B and HPWB ELEV versus ψ PAR are reported in Fig. 14 . It can be concluded that the proposed flared director structure results in an improvement in the HPBW ELEV of at least 8.3 • compared to the single director case regardless of ψ PAR . For optimal F/B and directivity, ψ PAR is taken as 80 • achieving 6.1 dBi directivity, 38.9 dB F/B and 140.8 • HPBW ELEV . It is worth to be noted that the improvement in the HPBW ELEV from the flared directors is accompanied with lower HPBW in the azimuth plane (HPBW AZ ). That is, the V-shaped flared director has the ability to reshape the radiation pattern. This adds an additional design degree of freedom compared to the mesh grid antenna in [35] and the ME dipole in [38] .
A single pair of flared directors results in 6 dBi directivity. For higher directivity, more parasitic vias can be added. Let the number of pairs of flared directors be denoted by N PAR . To reduce the fabrication complexity, all the parasitic vias are designed with the same length. Using two pairs of flared directors (N PAR = 2) increases the directivity by 0.8 dBi while a third pair (N PAR = 3) adds another 0.4 dBi. Increasing the directors beyond that has no significant improvement on the directivity. Fig. 15 shows the finalized dipole structure with three pairs of equal length flared directors and the simulated Directivity, F/B and HPWB ELEV versus ψ PAR . Table 2 provides the optimized directors design parameters. The simulated radiation patterns in the elevation and azimuth planes for this antenna are illustrated in Fig. 16 showing 7.19 dBi directivity, 135.13 • HPBW ELEV , 39.6 dB F/B and cross polarization less than −44 dB.
It also worth to be noted that, the impedance of the dipole is dependent on both the gap between the dipoles and the width of the parallel strip line used to directly feed it. So, if the fabrication technology dictates specific gap thickness, the antenna impedance can be adjusted using the width of the parallel strip line.
III. THE FEED STRUCTURE AND DIPOLE ARRAY
The two arms of the dipole are directly fed using a parallelstrip line. Having the parallel-strip line embedded within the dielectric slab results in back radiation. Those are suppressed using the via-fence. However, as the parallel strip line is extended outside the fence by L PS,Ext as illustrated in Fig. 17(a) , the back radiation starts to increase with L PS,Ext that translates into degraded F/B as shown in Fig. 17(b) . Hence the parallel strip line is stopped by the end of the fence. The feed structure outside the fence can be implemented using SIW. The SIW was chosen owing to its low profile, low radiation loss, easy integration with PCB circuits and compatibility with mm-Wave applications. This dictates the need for an efficient SIW-to-PS line transition. The dipole feed structure is illustrated in Fig. 18 . The SIW via diameter d SIW and pitch p SIW were designed as d SIW = 0.6 mm and p SIW = 0.8 mm satisfying the SIW design rules to suppress leakage [43] , [44] . The SIW width W SIW was designed as 7 mm based on the design equations in [45] . A couple of microstrip, CPW, and waveguide to PS line transitions were reported in the literature [46] - [51] . To the best of the authors' knowledge, the proposed transition is the first reported transition from SIW to PS line. The transition from the SIW to PS line is created in two stages. The first stage is constructed by gradually decreasing the width of the SIW using vias. For a smoother transition, the second stage is used by employing a graded PS-line instead of a single PS line. Since the PS line is required to be kept within the optimized dipole fence, only two levels of graded PS line are used. The SIW-to-PS line transition performance depends on the SIW taper angle θ SIW ,TR and its length L SIW ,TR dictated by the number of SIW tapering vias N SIW ,TR and its pitch p SIW ,TR . VOLUME 6, 2018 The graded PS line was optimized where the lengths and widths of its two stages were set as L PS1 = 1.12 mm, W PS1 = 0.25 mm, L PS2 = 2.3 mm, and W PS1 = 0.4 mm. For optimal performance of the SIW-to-PS line transition, its design parameters (θ SIW ,TR , N SIW ,TR , p SIW ,TR ) were thoroughly studied. To examine the effect of the taper angle θ SIW ,TR on the transition performance, Fig. 19(a) presents the S11 plot of the complete electric dipole structure for different θ SIW ,TR with N SIW ,TR and p SIW ,TR set to 4 and 0.88 mm, respectively where the optimal performance was found at θ SIW ,TR = 59 • . A similar analysis was performed for parameters p SIW ,TR and N SIW ,TR as illustrated in Fig. 19(b) and Fig. 19(c) . The optimized design parameters for the proposed transition are summarized in Table 3 .
In addition to the single element dipole structure, two and four element arrays were designed. The arrays geometries are shown in Fig. 20 where 2 × 1 and 4 × 1 SIW dividers were utilized for the two-element and four-element arrays, respectively employing Y-and T-SIW junctions [52] , [53] .
IV. MEASUREMENT RESULTS
This section presents the fabricated prototypes and the simulated/measured results for the single dipole and its array. 
A. THE FABRICATED PROTOTYPES AND MEASUREMENT SETUP
The proposed electric dipole was fabricated on the Rogers RO5880 substrate. For ease of fabrication, buried vias should be avoided, which implies that the dipole and director lengths need to be equal to the commercially available substrate thicknesses. Hence, the thicknesses of the different substrate layers were chosen to meet this constraint without compromising the optimal lengths obtained in Section II. The stack-up employed for the fabricated prototypes in Fig. 21 shows the different substrate layer thicknesses and the vias arrangement. Five substrate layers were used. The realized 4.958 mm dipole's length and 1.828 mm directors' length are close to their optimal values of 5 mm and 1.9 mm, respectively. For simplicity, the electric dipole prototypes were fabricated as three separate PCBs and were assembled using Nylon screws. The TOP and BOTTOM PCBs have the top and bottom dipole and directors arms, respectively while the MIDDLE PCB contains the dipole feed. Three prototypes were fabricated, namely, the single electric dipole, the 2-elements dipole array, and the 4-elements dipole array. Fig. 22(a) shows the upper and lower sides of the TOP, MIDDLE and BOTTOM PCBs for the 4-elements array while Fig. 22(b) shows the assembled PCBs for the single dipole element, 2-elements array and 4-elements array with overall sizes of 10 × 24.2 × 4.9 mm 3 , 15 × 26.47 × 4.9 mm 3 , and 30 × 35.62 × 4.9 mm 3 , respectively. The prototypes are excited using a 40 GHz SMP connector which needs a GCPW footprint. Hence, for the sake of excitation during measurements, the SIW is interfaced to a GCPW through a GCPW-to-SIW transition which was optimized for 50 matching [54] , [55] . The measurement setups for testing the fabricated prototypes are presented in Fig. 23 . The S-parameters were measured by the ZVA67 Rohde&Shwarz VNA as shown in Fig. 23(a) and the radiation patterns were measured inside an NSI 2000 near field anechoic chamber. Two different measurement setups were applied inside the chamber as illustrated in Figs. 23 (b) and (c) to measure the complete 360 • radiation patterns in the elevation and azimuth planes and report the measured HPBW and F/B. FIGURE 24. Measured/Simulated S11 plot for the single electric dipole.
FIGURE 25.
The radiation performance of the proposed electric dipole compared to that of the vertically-polarized ME dipole in [38] .
B. THE SINGLE ELECTRIC DIPOLE MEASURED RESULTS
The proposed single element dipole operates over 26% bandwidth around 28 GHz with stable radiation performance over the operating bandwidth. The S11 plot of the single element dipole is illustrated in Fig.24 showing simulated/measured impedance bandwidth for |S11| ≤ −10 dB of 6.93/7.23 GHz. The radiation performance of the proposed 28 GHz electric dipole compared to the vertically polarized 60 GHz ME dipole in [38] is illustrated in Fig.25 where the frequency axis is normalized with respect to the center frequency. The proposed dipole shows superior radiation performance compared to the ME dipole with respect to HPBW, directivity, F/B and X-polarization (the report X-pol is the worst case cross polarization). This is owing to the following aspects; first, the enhanced gain was attained due to employing the parasitic directors in front of the dipole. Second, the higher VOLUME 6, 2018 HPBW is due to flaring the parasitic vias in V-shaped fashion with each via split into two halves. Finally, the improved F/B was achieved by properly optimizing the via-fence parameters for suppressing the back radiation. The simulated/ measured normalized radiation patterns of the proposed electric dipole are illustrated in Fig.26 
C. THE ELECTRIC DIPOLE ARRAY MEASURED RESULTS
The measured S11 plot for the 2 × 1 and 4 × 1 electric dipole arrays are illustrated in Fig. 27 achieving simulated/measured impedance bandwidths of 2.5/2.42 GHz and 2.27/2.38 GHz, respectively. The bandwidth of the arrays is limited by the SIW divider. The obtained bandwidth from the array well covers the 28-GHz band specified by the FCC for 5G . The SIW divider is only added for the sake of measuring the array performance. Practically, when the array is connected to the RF phase shifter chip for beam scanning as illustrated in Fig.1 , the SIW feed will not be needed and the system will be able to operate over the 7.23 GHz bandwidth attained by every single element. The simulated/measured normalized radiation patterns of the arrays in both the elevation and azimuth planes are illustrated in Fig. 28 . The 2 × 1 array and 4 × 1 array achieve measured HPBW in the elevation plane higher than 133 • , measured F/B higher than 36 dB and measured cross polarization lower than −39.6 dB. The sidelobe level (SLL) for the 4 × 1 array is higher than 10.6 dB. The reason that the arrays achieve higher cross polarization compared to the single element is attributed to the SIW divider used in those arrays. Table 4 provides a summary of the measured and simulated radiation pattern performances for the fabricated prototypes. The simulated/measured directivity and gain of the fabricated prototypes are illustrated in Fig. 29 . The single dipole, 2154 VOLUME 6, 2018 FIGURE 29. Measured/simulated gain and directivity of the fabricated prototypes.
2 × 1 array, and 4 × 1 array achieving gains at 28 GHz of 7.13 dBi, 9.83 dBi and 12.61 dBi, respectively. The directivity measurements were performed using a standard horn antenna. The radiation efficiency of the implemented electric dipole array is 95.8 %. A comparison of the proposed dipole array with state-ofthe-art linearly-polarized antennas for mobile devices operating in the 28 GHz band is presented in Table 5 . It can be noted that the proposed array achieves the highest HPBW in the elevation plane and the highest F/B. This was accomplished by selecting the optimal design parameters and shape for the dipole, fence, and directors. In addition to that, the array achieves a high gain of more than 12 dBi with only a 4-elements array and low cross-polarization levels with a compact structure.
V. CONCLUSION
A compact mm-Wave vertically-polarized edge dipole array was proposed for 5G mobile devices. The proposed array achieves high gain, high radiation efficiency, wide matching bandwidth, and low cross-polarization levels while featuring wide fan-beam with high HPBW in the elevation plane together with high F/B making it a suitable candidate for the future 5G transceivers. The optimal designs were evaluated in the single element, 2 × 1 array and 4 × 1 array structures and all requirements were fulfilled. His current research interests include designing building blocks for future 5G wireless transceivers including frequency synthesizers, analog-to-digital converters, and antenna design.
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